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Abstract 
Electro Chemical Discharge Machining (ECDM) is a non-conventional machining process used to machine various conducting 
and non-conducting engineering materials. The non-conventional machining processes, uses some form of energy to machine 
materials. These some form of energies includes mechanical, thermal, chemical etc. Some of the mechanical machining processes 
are Water Jet Machining (WJM), Abrasive Jet Machining (AJM), Ultra Sound Machining (USM) etc., thermal machining 
processes are Electro Discharge Machining (EDM), Ion Beam Machining (IBM), Plasma Arc Machining (PAM), Laser Beam 
Machining (LBM) etc., and chemical machining processes are Electro Chemical Machining (ECM),  Electro Chemical Grinding  
(ECG), etc. EDM and ECM machining processes are well developed and established commercially. Currently the main focus is 
on hybrid machining processes to utilize the advantages of one and overcome the disadvantages of others. ECDM is one such 
process which combines the features of EDM and ECM to machine non-conducting materials. ECDM process is mainly used for 
machining, scribing hard and brittle non-conducting materials like soda lime glass, borosilicate glass, PMMA material, silicon 
wafers etc. In the present work, experiments are conducted to machine holes and channels with a developed ȝ-ECDM setup. 
Design of Experiments (DOE) is used to plan and conduct the experiments. Optimized combinations of process parameters- 
voltage, duty factor and electrolyte concentration are obtained for responses- maximum Material Removal Rate (MRR), 
minimum Tool Wear Rate (TWR) and Radial Over Cut (ROC) are obtained using main effect plots. Repeatable holes and 
channels are machined using the obtained optimized parameter for maximum MRR.  The response- diameter of micro holes of 
0.92 mm, micro channels of length 14 mm, 0.34 mm and  0.63 mm width are obtained on borosilicate and sodalime glass with 
tool diameter 0.3 mm of tungsten carbide and tungsten copper alloy material. 
© 2015 The Authors.Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of RAEREST 2016. 
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Fig. 1. Schematic diagram of Electro Chemical Discharge Machining Cell.
1. Introduction 
 Non-traditional manufacturing processes are developed to machine very hard materials like nitralloy, carbides, 
waspalloy, nimonics, etc to required precision accuracy. Electro Chemical Discharge Machining (ECDM) is one 
such hybrid non conventional machining process used to machining hard to scribe and brittle non conductive 
material like silicon, glass, ceramics, composites, PMMA etc. This process combines the features of EDM- melting 
and vaporation and ECM- chemical etching. The machining performance is measured through MRR, TWR, 
machining accuracy ROC and reproducibility. 
  Glass materials have vast applications in the field of micro fluidics, Micro Electro Mechanical Systems 
(MEMS)- micropumps, microsensors, medical micro devices because of its unique properties- chemical resistance, 
transparency, low electrical and thermal conductivity and biocompatibility. Machining of glass, particularly 
producing micro holes and micro channels is difficult by conventional machining techniques because of its brittle 
nature. Processing of glass materials is possible through ECDM process among the other processing techniques. 
       Crichton et al. [1] investigated into the phenomena of spark generation in electrolyte and reported the 
occurrence of sparks in electrolytes. Sparks of shorter duration are preferred to maximize the frequency of sparking 
in order to maximize MRR.  
Figure 1 shows the schematic diagram of Electro Chemical Discharge Machining cell. It consists mainly workpiece, 
tool electrode, counter electrode, electrolyte and glass beaker. The tool electrode and counter electrodes are 
connected DC power supply. The non conductive workpiece is kept just below the tool electrode, immersed in the 
electrolyte where sparking occur. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
  Lijo Paul and Somashekhar S. H. [2] observed that, electrolysis process starts as voltage increases from 0-10 V. 
As the voltage was increased to a voltage beyond critical voltage, high current density at the cathode tool tip caused 
sparking. This was due to the surface area difference between the electrodes inside the electrolyte.  Researchers have 
experimented with various tool shapes and found that tapered tool tips are preferred as it facilitates the electrolyte  
contact in the machining zone and concentrate sparking action at the tool tip. Yang et al. [3] found from their 
experimental results that, spherical tool tip contact area with the workpiece is less compared to conventional 
cylindrical tool , this results in flow of electrolyte to the tool tip forming rapid gas film with uniform speed. 
Experiments conducted with these two tools showed reduction in machining time of 83% and  hole diameters of 
65% for a depth of 500 μm as compared to  machining with conventional cylindrical tool, resulting in efficient 
DC 
power supply
Counter electrode (anode): 
Cu, Zn, Graphite, Pt 
Tool electrode (cathode):  
Cu, W, Stainless Steel, Pt 
Electrolyte: NaOH, 
KOH, NaCl, NaNO3 
Non conducting workpiece 
glass, silicon wafer, PMMA
+_
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machining. Wuthrich et al. [4,5] have used stainless steel needles as tool materials as electrodes (or cathode) for 
machining glass material and reported on other material in use as copper - platinum, aluminium, copper, silver, gold, 
tungsten, tungsten carbide, nickel and auxiliary electrode (anode) of platinum foil, graphite plate.  Chenjun Wei et 
al. [6] investigated the feasibility of using diameter 500 μm micro drill of tungsten carbide on sodalime glass with 
23 wt% NaOH solution in ECDM process.  
 
      Bhattacharyya et al. [7] found that, when aqueous solution of NaNO3 is used as electrolyte, electrolytic 
dissolution of metal takes place, resulting in lower MRR due to large amount of sludge formation and contaminating 
the electrolytic solution. NaCl as electrolyte, the MRR was found to be very low. NaOH solution yielded higher 
MRR due to higher conductivity causing chemical reactions at higher rate and gas bubble generation takes place at a 
faster rate.  Hence, compared to other electrolytes NaOH have good MRR machining properties. Basak and Ghosh 
[8] made a study on different concentration of  NaOH electrolyte at different voltage for machining of glass slide. 
They found that as electrolyte concentration and voltage increases, MRR also increases. 
 
       Somashekhar S H et al. [9] developed a ECDM setup for machining various profile cuttings on non- conducting 
materials like glass, composites and fibre reinforced plastics. In their further work, they observed that side sparks 
affect the diameter of machined hole on various glass pieces [10]. Wuthrich et al. [11] demonstrated Spark Assisted 
Chemical Engraving (SACE) table top machine to machine array of holes in a pyrex glass wafer with conical shaped 
stainless steel micro tool. Conical holes of diameter 300 μm and depth of 450 μm are obtained in 30 s with variance 
of 20 μm. They have concluded that this variance was due to limiting factor- stability of gas film during machining 
process. Han et al. [12] machined micro channels on glass material at 35 V and 20 wt% NaOH solution using 
tungsten carbide electrode. With and without coating tools were used. The insulated tool- tungsten carbide was 
covered with a ceramic tube. They found that, the electrode without coating generated unstable spark pulses and non 
uniform- width and linearity of the machined channels, because of the fluctuations in the gas film thickness. 
Whereas, better geometric uniformity of gas film is achieved by side insulated tool electrode.  
 
       Lijo Paul et al. [13] machined micro holes on silicon wafer with diameter 0.28 mm steel tool. A Taguchi 
optimization technique was used to conduct experiments and S/N ratio for optimization of process parameters for 
maximum MRR. Response Surface Methodology (RSM) was also developed and validated with Analysis of 
Variance (ANOVA) to predict MRR. Predicted error with experimental data was found to be 11.44 %. They have 
further conducted experiments for machining micro holes and channels on various engineering materials like 
borosilicate glass, sodalime glass, polymethyl methacrylate (PMMA) etc. The effect of process parameters- voltage, 
concentration and duty factor on MRR, TWR, ROC and Heat Affected Zone (HAZ) was studied and optimized 
parameter levels were reported. Similarlyin their further work Taguchi optimization techniques were used to 
conduct experiments and the responses were analyzed using RSM, Signal to Noise (S/N) ratios, mean effect plots, 
Grey Relational Analysis (GRA), ANOVA etc. Confirmation test was carried out for the same and was reported 
[14,15]. Phipon and Pradhan [16] used Genetic Algorithm (GA) using MATLAB software to optimize process 
parameters to minimize ROC and HAZ on silicon nitride ceramics in ECDM process. It was also observed from GA 
analysis that, higher voltage results in larger ROC and medium electrolyte concentration provide a low ROC.  
 
       Wuthrich et al. [17] investigated on, various tool feeding mechanism, voltage, tool shape and force affecting the 
machining process. They have conducted consecutive machining at constant voltage and constant tool diameter. 
They found that the process becomes similar, approaching a repeatable situation because of steady-state distribution 
of the local temperature. 
 
       As per the literature, quantitative values on repeatability of machined holes and channels are not much explored. 
Hence, an attempt has been made in the present work to machine hole and channels and study the repeatability of 
machined holes using developed Micro Electro Chemical Discharge Machining (μ-ECDM) setup. 
2. Experimental setup 
       ECDM cell was fabricated using a chemical resistant acrylic flask of 100 mm diameter and 50 mm height. The 
arrangement of tool, auxiliary electrode, workpiece and work holding fixtures is as shown in Fig 2. The tool 
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electrode is made cathode and auxiliary electrode is made anode. Anode is of graphite material, which is chemically 
resistant to the electrolyte used in the present work of 100:1 ratio to cathode. Anodic dissolution of auxiliary 
electrode material is limited by the very large surface area than tool electrode. Current density will remain small in 
auxiliary electrode limiting its dissolution process. NaOH aqueous solution is used as electrolyte. The electrolyte 
provides electrical conductivity required for the formation of gas film around tool and aid the machining by etching 
process. The workpiece is immersed and held with designed fixtures 2 mm below the surface of the electrolyte. The 
tool is dipped in the electrolyte and is maintained at a fixed distance where one gets the spark. The gap between the 
cathode tool tip and the workpiece is of the order of 0.2 mm. The inter-electrode gap is kept fixed at 20 mm 
throughout the experiments. A linear motorized actuator is used to obtain a Z-axis movement with a feed of 1.2 
mm/min for a constant machining time. Figure 2 shows the schematic diagram of the developed μ-ECDM 
experimental setup. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Experimentation
       Figure 3 shows the photographic view of the developed experimental setup. The objective of the present work is 
to machine holes and channels to obtain optimized process parameters- voltage, concentration and duty factor 
(which relates between Ton and Toff) and to conduct repeatability test for maximum MRR and minimum TWR and 
ROC. The amount of material removed is obtained from measuring weights of workpiece and tool before and after 
each machining. The time taken to conduct each experiment is also noted precisely.  
 
a) Machining of holes  
 
       Design of experiments, Taguchi L9 orthogonal array is selected to conduct the machining operation, which 
relates process parameters- voltage, concentration, duty factor and their levels are- voltage: 50 V, 60 V, 70 V; 
Fig. 2. Schematic diagram of the developed μ-ECDM experimental setup. 
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concentration: 20 wt%, 25 wt%, 30 wt%; duty factor: 60 %, 70 %, 80 %. The workpiece selected to conduct 
experiments is borosilicate glass of (10 X 10 X 0.5) mm with tool diameter 0.3 mm tungsten carbide materials and 
tool feed of 1.2 mm/min. The response selected for present experiment are, MRR, TWR, ROC and taper angle.  
Table 1 shows the experimental layout of process parameter and responses for machined holes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                        (a)                                                                                                                   (b) 
 
 
 
Table 1. Experimental layout of the process parameter and responses. 
 
Expt. 
No. 
 
Process Parameters 
Machining 
Time(min) 
MRR 
(mg/min) 
TWR 
(mg/min) 
ROC 
(mm) 
Taper 
Angle 
(°) 
Voltage  
(V ) 
Concentration 
 (wt%) 
DF 
(%) 
 
1 50 20 60 3 0.263 0.107 0.115 0.970 
2 50 25 70 3 0.203 0.033 0.105 0.400 
3 50 30 80 2 0.295 0.09 0.115 5.930 
4 60 20 70 3 0.243 0.123 0.150 10.03 
5 60 25 80 3 0.357 0.143 0.255 20.00 
6 60 30 60 2 0.18 0.19 0.133 5.480 
7 70 20 80 3 0.063 0.773 0.272 24.56 
8 70 25 60 3 0.355 1.00 0.182 13.82 
9 70 30 70 3 0.405 1.245 0.213 0.745 
 
 Table 2 shows the optical microscope images of machined holes. The top and bottom views of micro hole are 
captured with 100X magnification.  
At 25 wt% NaOH, the TWR increases from 0.033 mg/min to 1 mg/min with increase in voltage from 50 V to 70 
V, side sparks and micro cracks on surface is found to be reduced than for higher voltage and concentration. At 30 
Computer 
Oscilloscope 
DC power supply 
X Y controller Air purifier 
Pulse regulation circuit Motorised 
X Y stage 
Processing chamber 
Tool holder 
Tool electrode-cathode 
Linear actuator 
Auxiliary 
electrode-anode 
Fig. 3. Photographic view of ȝ-ECDM setup (a) Developed experimental setup    (b) Close-up view. 
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Fig. 4. Main effects plot (a) Material Removal Rate (MRR)  (b) Tool Wear Rate (TWR)  (c) Radial Over Cut (ROC). 
wt% NaOH, as voltage increases to 70 V, conductivity further increases, results in micro cracks, higher MRR of 
0.405 mg/min and TWR of 1.245 mg/min.  
  Table 2. Optical microscope images of machined holes. 
Expt. No. 1 2 3 4 5 6 7 8 9 
Top Diameter 
of hole (mm) 
0.54 0.52 0.54 0.61 0.82 0.576 0.853 0.673 0.736 
Top view          
Bottom 
Diameter of 
hole (mm) 
0.523 0.513 0.436 0.433 0.456 0.48 0.396 0.427 0.723 
Bottom 
view 
         
 
Figure 4 shows the main effects plots of MRR, TWR and ROC to get high MRR and low TWR and low ROC. 
Optimized parameter obtained for maximum MRR are 60 V, 25 wt% and 70 %. Optimized parameter obtained for 
minimum TWR are 50 V, 25 wt% and 70 %. Optimized parameter obtained for minimum ROC are 50 V, 30 wt% 
and 60 %. 
 
 
 
 
 
 
                                 (a)                                                                        (b)                                                                           (c) 
 
Repeatability study  
The optimized process parameter for maximum MRR- 60 V, 25 wt% and 70 % are selected for machining holes.  
Machining was carried out on borosilicate glass of 0.5 mm thickness using tungsten carbide tool of diameter 0.3 
mm, tool feed of 1.2 mm/min and responses for machined micro holes are as shown in Table 3. 
Table 3. Responses of machined holes. 
Expt. No. Machining Time (min) MRR (mg/min) TWR (mg/min) 
1 3 0.097 1.67 
2 3 0.103 0.27 
3 3 0.350 0.26 
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From Table 3 it is observed that, the MRR is increasing and TWR is decreasing when the applied voltage, 
concentration and duty factor is kept constant. This can be due to increase in the conductivity of the electrolyte. 
Table 4 shows two of the optical microscope images of machined holes. The top and bottom view images of the 
machined holes are captured with 100 X magnifications.  
Table 4. Optical microscope images of machined holes for repeatability study. 
Top diameter of hole (mm) 0.995 0.8 
Top view 
  
Bottom diameter of hole (mm) 0.835 0.7125 
Bottom view 
  
b) Machining of channels 
       The channels have been machined on borosilicate(21 X 21 X 0.5) mm and sodalime glasses (26 X 25 X 4) mm 
with tool of diameter 0.3 mm tungsten carbide and  tungsten copper alloy materials. The machining is done with 
optimized process parameter for maximum MRR- 60 V, 25 wt% and 70 % and 1.2 mm/min tool feed. Machining 
was done for 2 passes of length of 14 mm with 0.1 mm depth of cut for each machining pass.  
 
       The responses and width of machined channel on borosilicate was MRR- 0.359 mg/min, TWR- 0.42 mg/min 
and width- 0.34 mm.  The responses and width of machined channel on sodalime workpiece are MRR- 0.215 
mg/min, TWR- 0.155 mg/min and width- 0.63 mm. Figures 5 (a) and (b) shows the 100 X magnification optical 
images captured for borosilicate and sodalime workpieses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusion 
In this paper, a developed μ-ECDM setup is effectively used to perform the machining of holes and channels on 
borosilicate and sodalime glass. Optimized parameters are obtained from S/N ratio graph for maximum MRR, 
minimum TWR and minimum ROC. Some of the main conclusions are as follows: 
W=0.34 mm 
L
=
14
 m
m
 W=0.63 mm 
L
=
14
 m
m
 
Fig. 5. Optical Images (a) Borosilicate workpiece  (b) Sodalime workpiece.
(a) (b) 
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1. μ-ECDM setup has potential for machining features on non-conducting engineering materials. 
2. At medium voltage 60 V, concentration 25 wt% and duty factor 70 %, stable hydrogen bubble layer 
formation around the tool resulting in better machining. 
3. Higher voltage 70 V and electrolyte concentration 30 wt% results in micro cracks. 
4. To control TWR and ROC, voltage and electrolyte concentration should be moderate- 60 V and 25 wt%. 
5. From the main effect plots, it is observed that for maximum MRR the optimized process parameter are 60 V, 
25 wt% and 70 %. 
6. From the main effect plots, it is observed that for minimum TWR the optimized process parameter are 50 V, 
25 wt% and 70 %. 
7. From the main effect plots, it is observed that for minimum ROC the optimized process parameter are 50 V, 
30 wt% and 60 %. 
8. Successive machining results in decrease in diameter of hole from 0.995 mm to 0.8 mm.  
9. The obtained width of the machines channel for borosilicate workpiece 0.34 mm is closer to the diameter of 
tool 0.3 mm, than the 0.63 mm width of the channel obtained from sodalime workpiece. 
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